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ABSTRACT
Neural stem cells have the capacity to self-renew and differentiate into multiple
specialized neural phenotypes, providing a promising therapeutic strategy to replace
damaged or lost neurons in neurological diseases. Preliminary clinical trials have
demonstrated that grafting neural stem cells in brain tissue could achieve some thera-
peutic effects. However, the outcomes are highly variable with various adverse effects.
Unfortunately, an understanding of which factors underlie success or failure remains
elusive. To facilitate the development of safe and effective clinical therapies using
grafted neural stem cells, it will be informative to improve our understanding of the
environmental factors and means of controlling the process of integration. It is cur-
rently difficult to observe the characteristics of neural stem cell integration into host
tissue continuously; the integration process is thus often deduced from snapshots of
post-mortem tissue requiring sacrifice of transplanted animals at distinct time points,
which is often inefficient and impractical to carry out. This dissertation addresses the
problem by describing the development and use of a reliable experimental platform
that enables continuous observation of stem cells grafted in mouse cortex throughout
vii
the course of integration.
Current attempts to image neocortical regions on the surface of mouse brain typ-
ically use a small glass disc attached to the cranial surface. This approach, however,
is often challenged by progressive deterioration in optical quality and permits lim-
ited tissue access after its initial implantation. I describe a design and demonstrate
a two-stage cranial implant device developed with a remarkably versatile material,
polydimethylsiloxane, which facilitates longitudinal imaging experiments in mouse
cortex. The system was designed considering biocompatibility and optical perfor-
mance. This enabled us to achieve sustained periods of optical quality, extending
beyond a year in some mice, and allows imaging at high spatiotemporal resolution
using wide-field microscopy. Additionally, the two-part system, consisting of a fixed
headplate with integrated neural access chamber and optical insert, allowed flexible
access to the underlying tissue. Finally, I demonstrate the technical feasibility of rapid
adaptation of the system to accommodate varying applications requiring long-term
ability to visualize and access neural tissue.
Utilizing the two-part cranial window system, two distinct sources of neural stem
cells dissected from distinct anatomical regions within mouse embryo and labeled with
genetically encoded calcium indicators were transplanted into an adult mouse cortex.
The cellular dynamics across hundreds of transplants were acquired periodically across
several months using wide-field epifluorescence microscopy. This allowed longitudinal
comparisons of cell and network activity from each animal. Immediately after trans-
plantation, in both cell populations, the spontaneous network activity was dominated
by a highly recurrent pattern of synchronous bursts, similar to the characteristic ac-
tivity observed during early development of endogenous cells. Gradually, the network
activity diversified and matured into complex activation patterns network states with
better information processing capacities. In an attempt to quantify functional inte-
viii
gration of grafted cell-derived neurons with host neural network, several strategies
were employed to capture the evolution in dynamic patterns of network activation,
including cross-correlation, entropy, and information carrying capacity. Future work
using such approach to analyze environmental factors on impacting neural stem cell





1.1 Promise and challenges in stem cell therapy for neurological diseases . 1
1.2 Background in neurological stem cell research . . . . . . . . . . . . . 2
1.2.1 Transplant of stem cells and follow-up assessment . . . . . . . 2
1.3 Assessing stem cell function by continuous measurement of network
activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 New technology for optical imaging empowers researchers with chronic
in vivo observation capability . . . . . . . . . . . . . . . . . . . . . . 7
1.4.1 Imaging calcium dynamics in behaving mouse . . . . . . . . . 8
1.5 Cranial window implants for mouse neocortex . . . . . . . . . . . . . 9
1.5.1 Challenge of maintaining long-term optical quality . . . . . . . 9
1.5.2 Long-term continuous imaging study to follow grafted stem-cell
integration in mouse cortex . . . . . . . . . . . . . . . . . . . 10
2 Materials and Methods 12
2.1 Device development and fabrication . . . . . . . . . . . . . . . . . . . 12
2.2 Window casting procedure . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Experiment timeline . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Surgical procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Headplate installation and craniotomy . . . . . . . . . . . . . . . . . 14
2.6 Optical insert attachment . . . . . . . . . . . . . . . . . . . . . . . . 15
2.7 Window detachment and replacement . . . . . . . . . . . . . . . . . . 15
x
2.8 Animal surgery, virus injection, and stem cell transplantation . . . . . 16
2.9 Progenitor cell harvest and labeling . . . . . . . . . . . . . . . . . . . 18
2.10 Injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.11 Wide-field in vivo imaging and microscope setup . . . . . . . . . . . . 20
2.12 Immunohistochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.13 Image pre-processing and motion correction . . . . . . . . . . . . . . 21
2.14 Signal extraction and normalization – sequential statistics and non-
stationary and differential moments . . . . . . . . . . . . . . . . . . . 21
2.15 Region of Interest (ROI) identification and segmentation . . . . . . . 23
2.16 Activation rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.17 Burst frequency and duration . . . . . . . . . . . . . . . . . . . . . . 24
2.18 Cross-correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3 Cranial window 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.1 Cranial Window System . . . . . . . . . . . . . . . . . . . . . 30
3.2.2 Installation and Usage . . . . . . . . . . . . . . . . . . . . . . 34
3.2.3 Evaluation and System Performance . . . . . . . . . . . . . . 36
3.2.4 Adaptability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.1 Critical elements . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3.2 Staging implant installation and tissue access . . . . . . . . . 47
4 Stem cell imaging 50
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
xi
4.2.1 Stem cell transplantation and long-term imaging using the imag-
ing platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2.2 Activation characteristic of grafted stem cells tracked over months 57
4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5 Conclusions 69
5.1 Summary and Significance . . . . . . . . . . . . . . . . . . . . . . . . 69





1·1 Neurological diseases and stem cell replacement . . . . . . . . . . . . 4
1·2 Calcium activity patterns during embryonic neuronal maturation of
the cortex. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2·1 Signal extraction and visualization of fluorescence imaging data . . . 23
3·1 Limitations of glass cranial window . . . . . . . . . . . . . . . . . . . 27
3·2 Silicone elastomer for cranial window . . . . . . . . . . . . . . . . . . 29
3·3 Two-part cranial implant system . . . . . . . . . . . . . . . . . . . . 31
3·4 Installation procedure of the two-staged implant . . . . . . . . . . . . 35
3·5 Calcium activity of same cells can be tracked over the period of a year. 38
3·6 Granulation tissue growth within the peripheral chamber areas. . . . 41
3·7 Adaptability and continuous improvement of cranial implant system
for larger scale imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3·8 Improved performance and capabilities of the adapted cranial implant
device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3·9 Generation of designs. . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4·1 Experimental procedure for stem cell transplantation and time-lapse
imaging of neural activity. . . . . . . . . . . . . . . . . . . . . . . . . 54
4·2 Network firing characteristics: cortical progenitor-derived cells (Left),
ganglionic eminence-derived cells (Right). . . . . . . . . . . . . . . . . 56
xiii
4·3 Analysis of activation probability: cortical progenitor-derived cells (Left),
ganglionic eminence-derived cells (Right). . . . . . . . . . . . . . . . . 58
4·4 Burst frequency and burst duration analysis for populations of trans-
planted stem cells grouped by cell type. . . . . . . . . . . . . . . . . . 59
4·5 Time series heatmaps and coactivation indicators of injected stem cells
over several months of recording sessions: cortical progenitor-derived
cells (Left), ganglionic eminence-derived cells (Right). . . . . . . . . . 61
4·6 Distribution of an indicator of synchronized activation between each
cell over time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4·7 More examples of time series heatmaps and coactivation indicators of
cortical progenitor-derived cells over several months of recording sessions. 64
4·8 More examples of time series heatmaps and coactivation indicators
of ganglionic eminence-derived cells over several months of recording
sessions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4·9 Time series heatmaps and coactivation indicators for control group for
comparison with exogenous labeled stem cell measurements. . . . . . 66
4·10 Quantification of the evolution in dynamic patterns of network ac-
tivation through a variety of measures: cortical progenitor-derived
cells(Left), ganglionic eminence-derived cells (Right). . . . . . . . . . 67
xiv
List of Abbreviations
AAV . . . . . . . . . . . . . Adeno-associated virus
CAD . . . . . . . . . . . . . Computer-aided design
CNC . . . . . . . . . . . . . Computer numerical control
DAT . . . . . . . . . . . . . Day after transplantation
DMEM . . . . . . . . . . . . . Dulbecco’s modified eagle medium
fps . . . . . . . . . . . . . frames per second
GABA . . . . . . . . . . . . . Gamma-aminobutyric acid
GE . . . . . . . . . . . . . Ganglionic eminence
GECI . . . . . . . . . . . . . Genetically encoded calcium indicators
GFP . . . . . . . . . . . . . Green fluorescent protein
IPSC . . . . . . . . . . . . . Inhibitory postsynaptic current
LED . . . . . . . . . . . . . Light-emitting diode
LGE . . . . . . . . . . . . . Lateral ganglionic eminence
MEA . . . . . . . . . . . . . Multi-electrode array
MGE . . . . . . . . . . . . . Medial ganglionic eminence
NMDA . . . . . . . . . . . . . N-Methyl-D-aspartic acid
NSAID . . . . . . . . . . . . . Non-steroidal anti-inflammatory drug
OCT . . . . . . . . . . . . . Optimal cutting temperature
PDMS . . . . . . . . . . . . . Polydimethylsiloxane
PTFE . . . . . . . . . . . . . Polytetrafluoroethylene
ROI . . . . . . . . . . . . . Region of interest
SC . . . . . . . . . . . . . Subcutaneous
sCMOS . . . . . . . . . . . . . Scientific complementary metaloxidesemiconductor





1.1 Promise and challenges in stem cell therapy for neuro-
logical diseases
Stem cells are immature cells with the capacity to self-renew and differentiate into
multiple specialized neural phenotypes and can be used to replace lost or damaged
neurons in the central nervous system (Figure 1.1 (b)). The therapeutic potential
of stem cells holds great promises by the direct action on underlying cause of prob-
lems in neurological diseases characterized by cell loss or damage (Figure 1.1 (c, d))
(Grade and Götz, 2017),(Martino and Pluchino, 2006). A number of clinical trials
of stem cell therapies for strokes and Parkinson’s disease report that transplantation
can lead to symptomatic relief in patients (Lindvall and Björklund, 2011),(Lindvall
and Kokaia, 2010),(Goldman, 2005). Nevertheless, improvements in patient outcomes
remain highly variable, and it is challenging to pinpoint which factors lead to failure
or success
citeGoldman2016,(Lindvall et al., 2004). Meanwhile, the snake oil industry that pur-
ports ‘miracle’ stem cells offers high hopes and breeds confusion and distrust at this
early stage of development of the therapeutic strategies, and the presumed mecha-
nisms responsible for graft-induced effects often remain poorly validated. A better
understanding and control of the regenerative processes subsequent to transplantation
are of crucial importance to ensure the safety and efficacy of stem cell therapies for
clinical applications. However, there is currently no easy way to observe grafted stem
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cells and to monitor their developmental process, not to mention whether they even
survive in host tissue, crippling any attempt to develop more reliable procedures.
1.2 Background in neurological stem cell research
1.2.1 Transplant of stem cells and follow-up assessment
Successful engraftment of a transplant is measured by whether stem cell-derived neu-
rons integrate with host neurons and functionally mature into physiologically active
cells. The regenerative processes involve complex dynamics of cellular interactions,
and donor cells must be able to survive, migrate to target sites, differentiate into
specific neural phenotypes, and establish appropriate connectivity with host neural
and synaptic networks (Lindvall et al., 2004),(Martino and Pluchino, 2006),(Gold-
man, 2005). Conventional studies on the anatomical and the functional integration
of transplanted cells commonly rely on immunohistochemical methods combined with
rabies tracing and electron microscopy, and electrophysiological and optical recording,
respectively.
Remarkably, grafted interneuron progenitor cells have been reported to propa-
gate from the original site, differentiate into various mature interneurons, and inte-
grate into neural circuits of the postnatal and adult brains (Alvarez-Dolado et al.,
2006),(Southwell et al., 2014),(Le Magueresse and Monyer, 2013),(Bartolini et al.,
2013),(Richardson et al., 2008). After the transplantation, immunohistochemistry
and slice electrophysiology have been performed on brain sections to quantify and
validate the survival, differentiation, migration, and integration of MGE-derived in-
terneurons. Previous studies in mice have reported that the transplanted cells exhibit
a survival rate of 20% up to a year after transplantation (Zipancic et al., 2010),(Hunt
et al., 2013),(Alvarez-Dolado et al., 2006),(Valente et al., 2013), migrate up to 3 mm
from the injection site in host cortical tissue, and differentiate into mature interneu-
3
rons with almost half of the population expressing somatostatin and over one-quarter
expressing parvalbumin (Sebe et al., 2014),(Alvarez-Dolado et al., 2006),(Southwell
et al., 2010). In addition, whole-cell recordings of the transplanted cells exhib-
ited electrophysiological properties of mature interneurons (Hunt et al., 2013), and
the inhibitory postsynaptic currents (IPSC) showed significant increase in frequency
and amplitude on pyramidal neurons (Southwell et al., 2010), indicating the direct
synaptic connections between the progenitor cells and the local cells (Baraban et al.,
2009),(Hammad et al., 2015),(Gilani et al., 2014).
Much of these assessments, however, heavily depend on temporally static analyses
of terminal samples averaged from different cohorts of animals at distinct time points.
Such experimental procedures are laborious, inefficient, and often time and resource
consuming. Thus, technical advances in the tools to track transplanted cells in vivo
will be imperative to perform longitudinal studies and will shed light on the fate
of transplanted cells over multiple spatial and temporal scales which is otherwise
inaccessible from snapshots of events deduced from post-mortem tissue (Duffy et al.,
2014),(Misgeld and Kerschensteiner, 2006),(Steinbeck et al., 2015).
1.3 Assessing stem cell function by continuous measurement
of network activity
Characteristics of spontaneous activity change progressively during cortical develop-
ment (Figure 1.2) (Spitzer, 2006),(Ben-Ari, 2001),(Arieli and Grinvald, 2002). Early-
form neural activity is known to play a key role in proper cortical development through
activity-developmental processes. The propagation patterns and frequencies of cal-
cium wave carry important information to regulate neural proliferation, differentia-
tion, migration and connectivity (Murphy et al., 1992).
Initially, the network activity is dominated by a highly recurrent pattern of syn-
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Figure 1·1: Neurological diseases and stem cell replacement (a) Irreversible
damage and impairment of adult human brain function following disease and injury.
(b) Inherent biological properties of stem cells to self-renewal and to differentiate into
multiple phenotypes. These cells can mature and replace lost/damage cells and inte-
grate with existing neurons, making them an ideal treatment strategies for cell/tissue
damage. (c) Early studies showing the survival and reinnervation of grafted stem cells
in the striatum of a Parkinson’s diseases patient. (d) List of clinical trials involving
stem cell-based therapies in the last few years.
chronous network activity referred to as “network bursts” (Golshani et al., 2009),(Chi-
appalone et al., 2006),(Yuryev et al., 2018). This short burst is 0.5 – 2 seconds in
duration and 0.1 – 0.5 Hz in firing rate and is followed by phases of a silent network
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recovery and a low-level activity before the next initiation. Gradually, the network
activity desynchronizes and matures into more spare and decorrelated activity, thus
evolving to a network state with better information processing capacities (Corlew
et al., 2004),(Malmersjö et al., 2013a),(Malmersjö et al., 2013b).
Immature cells during development exhibit transient heightened state of plasticity,
thus increasing excitability and mediating the influx of calcium through voltage-gated
calcium channels or NMDA receptors. The collective form of intercellular commu-
nication has been suggested to form through gap junction as an early form preced-
ing electrical connections via synapses, in addition to release of signaling molecules
from these cells (Easton et al., 2014),(Malmersjö et al., 2013a),(Malmersjö et al.,
2013b),(Jäderstad et al., 2010). Previous studies have shown that neural stem cells
form functional gap junctions with cells in organotypic culture as early as 2 - 18 hours
after grafting (Wagenaar et al., 2005),(Barnett et al., 2014),(Corlew et al., 2004).
During the early phase, synapse numbers significantly increase leading to mas-
sive overproduction of both excitatory and inhibitory synapses. The overproduction
results in unstructured network connectivity, which may explain the correlation of
prolonged burst duration with increased synapse density. In the subsequent phase,
this number declines with synaptic pruning to accommodate the balance between
excitatory and inhibitory synapses. Both firing rate and burst duration decrease, and
network bursts exhibit diversification of activity with richer patterns. Yet in isolated
development (culture environment), the characteristic synchronized burst activity
patterns that normally extend only a few days in vivo persist throughout the lifetime
in cultured neurons, which may suggest an arrest in development. Similar persistence
of bursting was also observed in human organoid implant in mouse cortex.
The evolution of the activity pattern during normal cortical development can be
followed using a variety of methods. Periodic electrophysiological recording using
6
Figure 1·2: Calcium activity patterns during embryonic neuronal matura-
tion of the cortex. (a) in vivo: spontaneous, highly synchronized, recurrent bursts
(b) In vitro: Network bursts during development of cortical culture. Evolution of Cal-
cium Activity. 1. Start (day 0) 100 % dissociated (no connections); spontaneous ac-
tivity. 2. Adolescence. many connections; spontaneous discharges highly contagious
(wide propagation → network burst). 3.Young Adulthood. synaptic connections
(prune or modify strength); propagation to small clusters of synaptically connected
neighbors (rich diversity of patterns and highly unpredictable). 4. Maturity. baseline
levels of neural plasticity
multi-electrode arrays (MEA) (Figure 1.2 (b)) (Heikkilä et al., 2009),(Stephens et al.,
2012) and acute optical recording of intracellular calcium transients (Weick et al.,
2011),(O’Donovan et al., 1994) provide a convenient method to record simultaneous
7
activity in multiple neurons in vitro and ex vivo. Yet, the progression of observed
synchronized burst patterns activity behavior as implanted stem cell integrate with a
host has never been observed. And whether transplants exhibit comparative develop-
mental changes during maturation and integration and whether such developmental
characteristics are important for integration remain to be determined. This feature
may yield a new biomarker for evaluating functional integration of transplanted stem
cells in vivo.
1.4 New technology for optical imaging empowers re-
searchers with chronic in vivo observation capability
Technical advances in the tools available to visualize and manipulate dynamic cel-
lular processes have provided an unprecedented lens to interrogate complex neural
networks in real time. This includes several classes of synthetic proteins used for la-
beling as well as sensing and modulating neural activity, such as Genetically Encoded
Calcium Indicators (GECI) and a diverse assembly of opsins (Chen et al., 2013). This
also includes optical imaging modalities such as confocal microscopy, multi-photon
microscopy and epifluorescence microscopy (Akassoglou et al., 2017).
High-resolution volumetric scanning using two-photon microscopy allows deep
penetration imaging with minimal light scattering and diffusion inside the brain (Bar-
retto et al., 2011),(White et al., 2018). This technique can yield three-dimensional
morphological information at cellular and subcellular resolutions and visualization
of interactions between cells in their native context (Portera-Cailliau et al., 2005).
Its large-volume imaging capacity also helps to visualize anatomical organization of
neural network with excellent spatial resolution, and this modality has become rela-
tively affordable and widely available. Falkner et al. were first to report the use of
the technique to track the regenerative processes of transplanted stem cells (Falkner
8
et al., 2016). Just this past year, two more studies by Real et al. and Mansour et
al. pursued similar experimental approaches to elucidate the dynamics of morpholog-
ical integration and the synaptic reinnervation of transplanted cells in living animals
(Mansour et al., 2018),(Real et al., 2018).
In addition to structural imaging, functional imaging strategies can be applied
to monitor neural activity, which should allow for a more integrative assessment of
graft-to-host connectivity (Yang and Yuste, 2017),(Grienberger and Konnerth, 2012).
In the studies referred to above, calcium imaging of transplanted cells suggested
evidence for functional afferent inputs from host neurons in response to sensory input
in anesthetized animals (Falkner et al., 2016),(Real et al., 2018). However, such tools
may be insufficient to investigate cellular activity within large tissue volumes, and
the microscopes’ field of view and/or spatial resolution need to be reduced to achieve
high temporal resolution on a time scale of milliseconds. Consequently, the scale of
these studies was limited to simultaneous recording from a small number of cells (N ≤
1 – 2). Yet transplanted cells are often highly migratory and distribute long distance
from their site of transplantation (Alvarez-Dolado et al., 2006), and an alternative
imaging modality may be appropriate for such applications.
1.4.1 Imaging calcium dynamics in behaving mouse
Image sensors available in scientific cameras are now larger, faster, and more sensitive
compared to those previously available in science-grade cameras. Meanwhile, the
latest generation of GECIs deliver a substantial boost in signal strength, manifested
by a considerable increase in the spatial and temporal resolution we may use to
detect and record neural activity (Chen et al., 2013),(Tian et al., 2009). Over the
last decade, this combination of developments has greatly contributed to new optical
techniques for wide-field functional imaging, which has undoubtedly strengthened our
competence to conduct brain research.
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Scientific-CMOS (sCMOS) cameras in particular have enabled optical imaging of
neural networks at a much larger scale than what was previously attainable using
science-grade cameras. We are now capable of recording continuous activity of more
than one thousand neurons in a behaving mouse for hours at a time over several
weeks using a traditional epifluorescence microscopy. Increasing fraction of observable
neurons may provide better insights into neural coding (Mohammed et al., 2016).
1.5 Cranial window implants for mouse neocortex
1.5.1 Challenge of maintaining long-term optical quality
One of the key advantages of in vivo imaging is the ability to observe and record the
same brain region for extended periods to track long-term changes. This ability relies
heavily on maintaining a clear optical light-path by forming a stable non-scattering
optical interface with neural tissue overlying the targeted brain region. The method
used to create an optical window in subsurface regions allows the quality of optical
access to remain stable for several months. The approach is not without drawbacks,
however; stable optical access is delayed by pooling and coagulation of blood on the
window surface resulting from unavoidable vascular damage inherent to the implan-
tation procedure (Holtmaat et al., 2009). The period of delay post implantation can
range from 3 – 8 weeks before tissue repair and phagocytic debris removal processes
subside to yield optical access to targeted brain tissue with stable imaging quality.
Attempts to image neocortical regions on the surface of mouse brain typically use
a small glass disc attached to the cranial surface to seal and protect the craniotomy
(Tran and Gordon, 2015). This approach, however, is often challenged by progressive
deterioration in optical quality. The degradation is observed as a cloudy layer that
gradually overtakes the fluid-filled gap between the cranial window and the brain
tissue, and is thought to arise from the natural inflammatory response that follows a
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craniotomy (Tran and Gordon, 2015),(Wilson et al., 2005),(Dorand et al., 2014).(Li
et al., 2017a),(Moshayedi et al., 2014). As granulation tissue grows, its inhomogeneous
structure scatters light at the brain-to-window interface, which consequently degrades
optical quality and blurs fluorescence signals.
1.5.2 Long-term continuous imaging study to follow grafted stem-cell in-
tegration in mouse cortex
The prospect of monitoring regenerative processes of transplanted stem cells within
larger multi-cellular networks in vivo has now become both practical and possible. Us-
ing the imaging techniques described above, individual cells can be followed through-
out the course of integration to perform longitudinal comparisons of viability, distri-
bution, and differentiation, as well as cellular and network activity from each animal.
The dynamic sequence of migration and morphological development of grafted stem
cells can be tracked across days using a high-resolution volume scanning procedure
with a two-photon microscopy (Falkner et al., 2016),(Real et al., 2018). Additionally,
wide-field imaging techniques have been proven effective to study the brain by mon-
itoring neural activity within a multi-cellular network at high temporal and spatial
resolution and measuring their response to variable conditions of the external envi-
ronment (Mohammed et al., 2016),(Kim et al., 2016). New types of measurements
may emerge from the experimental approaches and may offer a better reflection of the
timing and extent at which transplanted cells are functionally integrated into existing
neural networks.
Optical imaging can provide an alternative and complementary approach to eval-
uation, which previously relied heavily on histological analyses. Meanwhile, the tech-
nique can substantially reduce the number of experimental animals needed. Also,
tracking the same cells over time is more sensitive and fail-safe than deducing tem-
poral dynamics from snapshots of events from post-mortem tissue. However, there
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is no prior report of in vivo imaging of transplanted stem cells in a behaving animal
nor at this large of a scale, and the development of such experimental platforms will





2.1 Device development and fabrication
Components were designed using SolidWorks. Prototypes were fabricated using Cam-
Bam to generate tool paths in G-code for machining on a CNC mill. The headplate
and window frame were milled from aluminum plate. The mold for casting PDMS-
based windows was designed in three parts. The middle component was milled from
PTFE. The outer components were made using a laser-cutter and acrylic sheet. CAD
files are shared on GitHub: https://github.com/HanLabBU.
2.2 Window casting procedure
The PDMS-based windows were fabricated through vacuum casting procedure. Prior
to casting, window frames and two glass coverslips (Corning, 2947-75x38), prepared
in advance through plasma etching (30 sec, Power setting) and silanization using
Trichlorosilane (Sigma-Aldrich, 448931-10G), were inserted into the mold. The mold
was then placed between two custom-made acrylic plates with silicone gaskets in
between and was assembled using bolts around the perimeter. The pressure control
port (McMaster-Carr, 5454K61) was connected to the house vacuum line, and the
fill port (McMaster-Carr, 2844K11) was connected to uncured PDMS polymer (Dow
Corning Sylgard 184) (1:10 by weight), thoroughly mixed and degassed in advance.
The liquid-state polymer was then drawn into the mold filling the volume in between
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the two coverslips using vacuum. Once polymer displaced all air, vacuum was released
and positive pressure was applied through the pressure control port after plugging
the fill port. While maintaining positive pressure, the polymer was cured at 75 ◦C
for 12 hours. Finally, the windows were released from the mold and trimmed using
scalpels. Windows were handled so as to protect the top and bottom surfaces from
damage or debris. The completed window was sterilized in an autoclave before use.
2.3 Experiment timeline
The experimental timeline was referenced to the day of cell transplantation, 0 day-
after-transplantation (DAT). Surgeries were performed two days in advance, and
imaging sessions started from 5 DAT until the optical clarity lasted, in some cases
extending up to 250 DAT.
2.4 Surgical procedures
Animal care for surgical procedures is described below, and the details specific to
each procedure are in the sections that follow. All procedures were approved by the
Institutional Animal Care and Use at Boston University. Stereotaxic surgeries were
performed on 6 to 8 weeks old female C57BL/6 mice (Charles River Laboratories).
Pre-operative care for the initial headplate and craniotomy procedure included subcu-
taneous administration of meloxicam (NSAID, 2.5 ug/g) and buprenorphine (opioid
analgesics, 0.3 ug/g), and intramuscular injection of dexamethasone (corticosteroid,
5 ug/g) one hour before surgery. Meloxicam and buprenorphine were continued post-
operatively every 12 hours for 48 hours. Meloxicam was also given before and after
procedures where brain tissue was exposed, i.e. those for intracerebral injection and
window replacement. For all procedures described below, mice were placed under
general anesthesia with isoflurane mixed with oxygen.
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2.5 Headplate installation and craniotomy
We shaved the top of the mouses head and sterilized the skin using 70% alcohol
and 7.5% Betadine. We made a 1cm mid-line sagittal incision through the scalp
using surgical scissors, and retracted laterally using a self-retaining retractor (WPI,
501968). To prepare the cranial surface, we applied 3% hydrogen peroxide to oxidize
and facilitate removal of periosteal tissue with cotton tip swabs. The surface was
then marked up before headplate installation followed by craniotomy. We targeted
laterally symmetric craniotomies with edge length 2.2 mm centered at coordinates
1.83 mm lateral to sagittal suture and 1.00 mm anterior to bregma. First, we used a
surgical skin marker (FST, 18000-30) to roughly indicate the site of each craniotomy
and enhance contrast of the edges to be etched. We etched the corners and edges using
a dental drill with a FG 1/4 round carbide burr (Figure 3.4 (Step 1 - right)). This
way of marking the edges facilitates headplate placement and also aids recovery of
the intended craniotomy position despite being covered by semi-transparent adhesive
cement in the following steps.
We used a custom stereotaxic attachment to position the headplate symmetrically
aligned with the marked sites, and to hold it horizontal while bonding to skull. The
headplate was anchored directly to the skull using either opaque or semi-clear quick
adhesive cement (Parkell, S380). Subsequently, we began each craniotomy by drilling
along the marked edges (Figure 3.4 (Step 2 - left)). We frequently stopped to flush
debris from the site using sterile saline and an aspirator. Once separated from the
surrounding skull, the bone flap was carefully removed using a pair of sharp forceps
(FST, 91150-20) and a 45 micro probe (FST, 10066-15) while keeping the dura intact
(Figure 3.4 (Step 2 - right)). At this point, we either attached the optical window or
sealed the area with a layer of non-toxic silicone adhesive (WPI, KWIK-SIL).
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2.6 Optical insert attachment
The optical insert attachment can be performed immediately following the craniotomy
or deferred to the day of injection as described below (Figure 3.4 (Step 4)). First,
we filled the headplate chamber with sterile 0.5% agarose solution, immersing the
exposed brain. Enough agarose was added so as to overflow the walls of the chamber
as the window is inserted, ensuring no air gaps remain in the space between the walls
of the chamber and the window, below the joint to be sealed. Next, the window was
placed in the chamber, directly over the craniotomy, in gentle contact with the exposed
tissue. We used a stereotaxic apparatus to adjust the window height and secure its
position during attachment. This was aided by an attachment similar to that used for
headplate installation which fixed the angle of the windows top surface parallel with
that of the headplate. The height adjustment required depressing the window until
full contact was observed between the inner window surface and the dura. The window
was tacked in place by applying an accelerated light-cured composite (Pentron Clinic,
Flow-It ALC) in at least three points, bonding the window frame to the anterior and
posterior walls of the headplate. At this point the guide was removed and the joint was
prepped for sealing. Excess agarose (polymerized overflow from the window insertion
step) was aspirated away to expose and clean the headplate surface surrounding the
window. The chamber was sealed by filling the joint between headplate and optical
insert with dental cement (Stoelting, 51458) using a P200 pipette. The window
surface was protected by applying a double layer adhesive strip made of gaffers tape
over a transparent adhesive film dressing (3M: Tegaderm, 70200749201).
2.7 Window detachment and replacement
The dental cement connecting the window and headplate was etched away using a
dental drill. Before removing the window, we thoroughly flushed debris from the sur-
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rounding surfaces with sterile saline. Replacement windows were installed using the
same procedures described above for initial attachment. Localizing the replacement
window to the same position was aided by the expansion of granulation tissue up to
the walls of the prior window.
2.8 Animal surgery, virus injection, and stem cell transplan-
tation
All surgical procedures followed the Boston University IACUC protocol. Surgeries
are performed on 6 to 8 weeks old female C57/BL6 mice as the recipients for pro-
genitor cell transplantation. One hour prior to the surgery, dexamethasone (5 ug/g,
Patterson Veterinary, 07-808-8194) was administered by intramuscular injection to
relieve any tissue inflammatory response and to prevent cerebral edema. The mouse
was placed under general anesthesia with 1 - 1.5% isoflurane mixed with oxygen.
As pre-operative care, meloxicam (2.5 ug/g, Patterson Veterinary; 07-845-6986) and
buprenorphine (0.3 ug/g, Patterson Veterinary; 07-891-9756) were administered sub-
cutaneously (SC) to reduce pain and inflammatory responses. The mouse was immo-
bilized on a stereotaxic. The incision area was sterilized using 70% alcohol, then a
cut was made along the mid-line of the brain. The skin was retracted apart laterally
using surgical clamps , and 3% H2O2 was applied to remove the periosteum of the
skull. Four corners of a square craniotomy over motor cortex with edges of 2.2 mm
and center coordinates of 1.83 mm lateral and 1.00 mm anterior was lightly etched
using dental drill with a FG 1/4 carbide. The etched points were marked over with
surgical skin marker, then the edges were etched along the four corners using a dental
drill. The marking procedure was necessary to enhance the contrast of the etched
areas for accurate placement of the headplate under the semi-transparent dental ce-
ment in the step to follow. Utilizing a custom made surgical guide fixed onto the
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stereotaxic that will hold the headplate horizontal to the plane, the headplate was
positioned roughly over the centers between the intended craniotomy regions of both
hemispheres and anchored directly onto the skull using C&B Metabond. Once the
Metabond hardened, the surgical guide was removed and the excess bone cement cov-
ering the etched area was drilled away. Once the skull was exposed, it was cleaned of
any debris by irrigating with sterile saline. Subsequently, 2.2 x 2.2 mm2 craniotomy
was performed on one or both sides of the hemisphere along the previously marked
area using dental drill with a FG 1/4 carbide. Constant flow of sterile saline and and
aspirator was used to cool down the brain and to flush out any debris. Once the skull
within the craniotomy was separated from the surrounding skull, the bone flap was
carefully removed using a pair of forceps and a Bonn microprobe while keeping the
dura intact without any damage. Sterile saline was used to further clean up the area,
and the exposed brain area was sealed using KwikSil. The mouse was then moved for
recovery, and for post-operative care, meloxicam (2.5 ug/g, SC) and buprenorphine
(0.3 ug/g, SC) were administered over 48 hour period to reduce inflammation and
pain.
Prior to injection or cell transplantation, the KwikSil plug covering over the cran-
iotomy was carefully removed from the edges to avoid any capillary rupture below the
dura due to the negative pressure created by the seal. The brain was flushed several
times with sterile saline before and after the injection procedure. Injections were
performed using glass pipettes with an outer tip diameter of 40 – 80 um on Nanofil
controlled by Micro. The pipette was back-filled with mineral oil then front-loaded
with virus or cells. In general, an injection of 230 nL of cells at ≈ 106 cells/uL or 200
nL of virus (titer) was performed ≈ 500 um into the cortex at the rate of 46 nL/min
on each hemisphere. The micropipette was let to sit additional 2 min at the injection
site to prevent any overflowing then was withdrawn slowly.
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Once the injection was completed, sterile 0.5 % agarose was used to fill in any
air gaps over the exposed brain tissue, and the polymer-based window was placed
directly on top of the dura over the craniotomy. Using a custom made guide, the
window was held parallel to the headplate and pushed down to compensate for the
removed skull thickness. Once the height was adjusted, UV curable dental cement
was used to quickly fix the window in place on the headplate. The guide was moved
out of the way, and any agarose that overflow from the window insertion was aspirated
out once it polymerized. Dental cement was then used to seal the rest of the junction
between the headplate and the window ensuring air tight seal between the two parts.
Gaffers tape on top of wound sealing tape was used to protect the polymer window
from any scratches. Meloxicam (2.5 ug/g) was given every 24 hours over the next 72
hours to reduce any inflammation due to the installation.
2.9 Progenitor cell harvest and labeling
The progenitor cells from cortex and ganglionic eminence were both harvested from
E13.5 CD-1 mouse embryos (Charles River). The detailed dissection procedures can
be found in prior papers. Briefly, the two hemispheres were separated from the
brain stem. The cortical progenitor cells were collected from the dorsal and lateral
regions of the cerebral cortex. Then, the interneuron progenitor cells from medial
and lateral ganglionic eminence were dissected from the basal forebrain in which the
sulcus separating the tissue is evident. Once the tissues were dissected, the tissue
chunks were let to sit in the dissociation medium, 100 ug/mL of DNaseI in DMEM,
at 37 ◦C for 10 min, and subsequently mechanical dissociated by gently pipetting up
and down using a P200 pipette. The dissociated cells were let to sit another 2 min,
and the supernatant was transferred and spun at 270 G for 10 min. The medium was
removed as much as possible, and the cell pellet was dissociated in 50 uL of NB/B27
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medium and 2 uL of AAV9-CAG-GCaMP6f (titer) was added to the medium. During
the 30 minutes of incubation period at 37 ◦C for transduction, the cell suspension was
pipetted gently every 10 min to keep the cells dissociated. Following the transduction,
three washing steps were performed to remove any excess virus in the supernatant.
First, 7 mL of DMEM was added to the mixture of cells and virus then centrifuged
at 270 g for 10 min. Once the pellet was formed, the medium was removed and the
previous step was repeated twice more. The cell pellet was then washed with 1 mL
of DMEM then was resuspended at the concentration of ≈ 106 cells/uL in NB/B27
and kept in ice until transplantation.
2.10 Injection
The exposed brain was flushed with sterile saline before and after each injection. In-
jections were made using pulled glass micropipettes with inner tip diameter ranging
from 40 and 80 um (WPI, 504949). The micropipette was initially back-filled with
mineral oil, then secured onto a microprocessor controlled injector (WPI, NANO-
LITER2010). The micropipette was then front-loaded with virus or cells using a
controller (WPI, Sys-Micro4). In general, an injection of 230 nL of cells labeled with
AAV9.CAG.GCaMP6f (AV-9-PV3081, Penn Vector Core) at ≈ 106 cells/uL, or 230
nL of AAV9.SYN.GCaMP6f (AV-9-PV2822, Penn Vector Core). Injection was per-
formed ≈ 500 um deep into the cortex at the rate of 46 nL/min near the center
of the imaging field, while avoiding blood vessels to maximize the observable cells
around the injection site (Figure 3.4 (Step 3)). The micropipette was left to sit for
an additional 2 min at the injection site before slow withdrawal.
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2.11 Wide-field in vivo imaging and microscope setup
Wide-field epifluorescence imaging was accomplished using a custom microscope equi-
pped with a sCMOS camera (Hamamatsu, ORCA Flash 4.0), 470 nm LED (Thorlabs,
M470L3), excitation and emission filters, a dichroic mirror, and a 10x objective lens
(Mitutoyo, 378-803-3). Mice were positioned under the microscope for imaging using
a custom headplate holder and allowed to run on an air-supported spherical treadmill
as pictured in Figure 4.1 (b). The camera recorded a field-of-view of approximately 1.3
x 1.3 mm2 using an image resolution of 2048 x 2048 pixels or more commonly 1024 x
1024 pixels. Continuous image sequences were acquired at 40 to 60 frames-per-second
for 5 to 7 minutes. We selected the field to image within each site by roughly centering
around the injection site. To focus the microscope on labeled cells in the superficial
layers of cortex, we focused on the surface vasculature to find a stable reference, then
advanced the focal plane 50 to 150 um until multiple cells were distinguishable. A
reference image of the selected image was recorded for each site and used later to
reacquire the same field across image sessions. Alignment to this reference image
relied primarily on using the major blood vessels as landmarks to guide microscope
position in the XY-plane. Image sequences were stored for subsequent processing and
analysis.
2.12 Immunohistochemistry
Brains were fixed in 4% formaldehyde by perfusion, embedded in optimum cutting
temperature (OCT) compound then sectioned coronally at 40 um using a Cryostat.
Free-floating sections were immune-stained with chicken anti-GFP (1:250) and rabbit
anti-GABA (1:1000). Confocal images were taken using scanning confocal microscope
in Micro/Nano Imaging Facility in the Biomedical Engineering department.
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2.13 Image pre-processing and motion correction
We elected phase-correlation to estimate the induced motion in each frame. Images
were aligned in chunks, and they were aligned sequentially to two templates. Phase-
correlation estimates the mean translational displacement between two templates, one
being the most stable frame from the preceding chunk and the other is a recursively
temporal-low-pass filtered image that mitigates slow drifts.
2.14 Signal extraction and normalization – sequential statis-
tics and non-stationary and differential moments
A number of statistics for each pixel were updated online including the minimum
and maximum pixel intensity and the first four central moments. The formulas for
making these calculations are given below.
• GET PIXEL SAMPLE
f = F(rowIdx,colIdx,k);
• PRECOMPUTE & CACHE SOME VALUES FOR SPEED




• UPDATE CENTRAL MOMENTS
m1 = m1 + dk;
m4 = m4 + s*dk2*(n.ˆ2-3*n+3) + 6*dk2*m2 - 4*dk*m3;
m3 = m3 + s*dk*(n-2) - 3*dk*m2;
m2 = m2 + s;
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• UPDATE MIN & MAX
fmin = min(fmin, f);
fmax = max(fmax, f);
The evolution of statistical measures were calculated from each pixel as frames are
added in sequence which gives a highly sensitive indicator of neural activity (Figure
2.1). This was done using a routine analogous to that for updating central moments
given above, except the values returned are not only the updated moment, but also
the updating component essentially the partial derivative with respect to time. This
is illustrated below, including the normalization functions which convert the partial-
moment values to their variance, skewness, and kurtosis analogues:
• COMPUTE DIFFERENTIAL UPDATE TO CENTRAL MOMENTS
dm1 = dk;
m1 = m1 + dm1;
dm4 = s*dk2*(nˆ2-3*n+3) + 6*dk2*m2 - 4*dk*m3;
dm3 = s*dk*(n-2) - 3*dk*m2;
dm2 = s;
m2 = m2 + dm2;





The normalization process is applied to each cell individually using the built-in
MATLAB function sigmoid.
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Figure 2·1: Signal extraction and visualization of fluorescence imaging data
(a, c) Screenshot from the real-time processing. Red indicates a normalized increases
in differential kurtosis of signal intensity, and blue indicates normalized increase in
skewness of the temporal derivative of signal intensity. Typically changes in the signal
intensity follow changes in the derivative, and blue signals are more indicative of
cell activity (highlighted in red in sub-figure (c)), while red signal intensity measure
is indicative of accumulated calcium from past activity. (b) Mean, maximum and
minimum pixel intensity of a subset of ROIs.
2.15 Region of Interest (ROI) identification and segmenta-
tion
Cells were segmented by first running sequential statistics on the properties of identi-
fiable regions on a pixel-wise basis. The region properties were calculated (Centroid,
Bounding-Box, etc.) and statistics for these properties were updated at each pixel
covered by a proposed region. After sufficient evidence had gathered, seeds were gen-
erated by finding the local peak of a seed-probability function that optimizes each
pixel’s proximity to a region centroid, and distance from any boundary. Regions
were grown from these seed regions, and registered in a hierarchy that allowed for
co-labeling of cellular and sub-cellular components. Newly identified regions occurred
as new seeds, whereas seeds overlapping with old regions were used to identify sub-
regions, or to track regions over time.
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2.16 Activation rate
Activation rate is calculated using the an area-under-curve rate from time-series traces
taken from a normalized indicator of cell activation.
2.17 Burst frequency and duration
Burst frequency is calculated by counting number of bursts in the recording session,
where burst is defined as periods where summed cell activity exceeds the mean ac-
tivation rate of the population. The distribution of burst duration is taken across
time.
2.18 Cross-correlation
The pairwise Pearson’s correlation was calculated using the built-in MATLAB func-
tion corrcoef. The cell-cell similarity indicators were measured using skewness from






Wide-field epifluorescence imaging of a living brain has substantially expanded our
ability to perform high-throughput detection of neural activity at a spatial and tem-
poral resolution sufficient to capture rich cellular dynamics of large interconnected
networks of neurons (Mohammed et al., 2016),(Kim et al., 2016). Yet optical signals
are highly sensitive to light scattering, and the preservation of optical clarity through
craniotomies is critically important for high-resolution imaging. Longitudinal imaging
in cortex, however, is often limited due to granulation tissue growth between the brain
and the imaging access window, and its inhomogeneous structure induces a significant
level of optical scattering, thus severely compromising spatial resolution (Figure 3.1
(c)) (Goldey et al., 2014),(Wilson et al., 2005),(Tran and Gordon, 2015),(Shih et al.,
2012),(Dorand et al., 2014),(Li et al., 2017a),(Moshayedi et al., 2014).
Efforts to overcome this problem by adding purely mechanical features to the cra-
nial window have involved attaching spacers made of agarose (Shih et al., 2012),(Take-
hara et al., 2014), silicone (Dombeck et al., 2007),(Fenrich et al., 2012) and glass
(Goldey et al., 2014) to the windows brain-facing surface that compensate for the
thickness of removed bone (Figure 3.1 (a, b)). These approaches report delaying tis-
sue regrowth for up to a few months before optical quality deteriorates. These modest
results indicate a valid basis underlying this approach and suggest that extending this
strategy by starting with a design and material not limited by the fixed form of flat
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glass optical windows could yield some improvement. Additional elements of a chronic
cranial imaging window intended to mitigate degradation by granulation tissue typi-
cally target inflammation, the primary source stimulating the process. These include
the aseptic design of seals and features, selective use of biocompatible materials,
and peri-operative administration of anti-inflammatory and antibiotic drugs (Goldey
et al., 2014),(Alieva et al., 2014),(Mostany and Portera-Cailliau, 2008).
While these designs have improved longevity, they remain limited in terms of long-
term access to the cortical tissue. The ability to access and manipulate tissue during
real-time imaging opens the door in experimental designs to an expansive toolbox
of neuromanipulation possibilities allowing exploration of uncharted connectivity and
dynamic processes of the brain (Garaschuk et al., 2006). Several strategies have
been reported to gain access to regions below glass cranial windows by incorporating
features such as an access port sealed with elastomer (Roome and Kuhn, 2014),
infusion cannula (Zuluaga-Ramirez et al., 2015), or the use of microfluidic channels
(Takehara et al., 2014) (Figure 3.1 (d)). Nonetheless, the approaches limit the tissue
accessibility to a single designated site predetermined before an experiment begins
and do not offer uniform access over the imaging area.
To address the relative restrictions using glass as cranial windows, a number of
alternative approaches have highlighted the use of silicone elastomer for cranial win-
dows (Arieli and Grinvald, 2002),(Arieli et al., 2002),(Heo et al., 2016),(Jackson and
Muthuswamy, 2008),(Spitler and Gothard, 2008),(Li et al., 2017a),(Ghanbari et al.,
2019). For example, polydimethylsiloxane (PDMS) is optically clear, non-toxic and
chemically inert and can be molded to take any shape or exhibit any desired feature,
not necessarily sacrificing the imaging field of the window. These properties combine
to offer a remarkably versatile material, particularly favorable for prototype devel-
opment for projects with demanding specifications for biocompatibility and optical
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Figure 3·1: Limitations of glass cranial window (a) Typically a small glass
coverslip is attached over cranial surface leaving a fluid-filled gap between the cranial
window and the brain tissue. This method is often challenged by progressive deteri-
oration in optical quality, thus limited long-term optical access to cortical tissue, due
to tissue regrowth between the brain-to-window interface. (b) Silicone/agarose/glass
spacer can delay tissue regrowth, extending the optical window viability to 30 – 60
days after implant. (c) Example of granulation tissue growth and consequent degra-
dation of optical quality within a week. (d) The irreversible acrylic glue seal to skull
limits physical access to the cortical tissue. Resealable access port (silicone), infusion
cannula, and microfluidic channel have been incorporated to glass cranial window to
provide tissue access.
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performance (Figure 3.2 (d)). A well-known and widely used example is the artificial
dura for in vivo optical imaging in nonhuman primates (Figure 3.2 (a, b)) (Arieli and
Grinvald, 2002),(Arieli et al., 2002),(Li et al., 2017a). This chronic implant device is
placed in and covers a craniotomy and sits protected within a chronic cranial record-
ing chamber. It mitigates tissue regrowth, and interfaces with a cylindrical insert
also made of PDMS for optical imaging of neocortex. Additionally, the artificial
dura is thin enough to enable access to underlying tissue for penetrating electrodes,
which penetrate easily and leave a tight seal after withdrawal. Yet the efforts for
translating this design windows for small research animals using silicone elastomer
have thus far been limited (Figure 3.2 (c)) (Heo et al., 2016),(Ghanbari et al., 2019).
And a system with long-lasting optical quality and flexible tissue accessibility remains
to be developed or explored for rodent models.
In this chapter, I describe a design and demonstrate a two-stage cranial implant
device, developed to facilitate longitudinal imaging experiments in mouse neocortex.
The primary capability requirements for this design are:
1. Long-term stability of an optically clear light-path to cortical surface
2. Intermittent physical access to imaged region at any point in study
The system was designed considering biocompatibility and optical performance to
facilitate integration in place of the removed bone flap enabling us to achieve sustained
periods of optical quality, extending beyond a year in some mice and allowing high
spatiotemporal resolution using a wide-field microscope. Additionally, the two-part
system consisting of a fixed headplate with integrated neural access chamber and
optical insert, allowed flexible access to the underlying tissue. The utility of our
design is demonstrated through chronic optical imaging of calcium dynamics in the
cortex and acute interventions to the tissue upon removal and replacement of the
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cranial window from the headplate. Finally, I demonstrate the technical feasibility of
rapid adaptation of the system that can accommodate varying applications, further
Figure 3·2: Silicone elastomer for cranial window (Caption next page.)
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Figure 3·2: (Previous page.) (a, b) Artificial dura for in vivo optical imaging
in nonhuman primates is developed of polydimethylsiloxane (PDMS a.k.a Sylgard
184). The elastomer is non-toxic and chemically inert (biocompatible), optically
clear, strong, and easily moldable to any shape or feature. The systems are designed
to mitigates tissue regrowth and to enable access to underlying tissue for penetrating
electrodes. (c) Translating these window designs for small research animals have been
attempted but limited to a simple thin membrane. (d) Comparison between different
cranial window models.
extending our ability to visualize and access neural tissue.
3.2 Results
Here we report the design for a head-fixation and cranial window device, and the
procedures for surgical attachment. The sections below describe the features of each
component, and also report the critical elements that contribute to the performance
and capabilities of our cranial implant device. The following sections provide a de-
tailed report of the system performance observed during evaluation. The final section
reports the adaptability of the system with the demonstration of the latest design.
3.2.1 Cranial Window System
Many design features, and procedures for installation were introduced and developed
to mitigate tissue growth for the sustained optical quality of the window. Other
features were included to enhance imaging performance in awake behaving animals,
to facilitate repeatable localization of image fields across sessions and animal subjects.
The cranial implant device is composed of two parts: a headplate with an inte-
grated chamber, and an optical insert. The headplate is bonded to the dorsal surface
of the animals skull (Figure 3.3 (b, e)). The optical insert – sometimes referred to
as a cranial window – seals the chamber and establishes an optical interface with the
animals brain through craniotomy sites in the chamber floor (Figure 3.3 (a, d)).
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Figure 3·3: Two-part cranial implant system (Caption next page.)
Headplate
The bottom surface of the headplate is curved to conform to the dorsal skull surface of
a typical mouse. This feature aids alignment during attachment, and a large surface
area enables a strong adhesive bond to the skull surface. Adhesive cement is applied
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Figure 3·3: (Previous page.) (a, d) PDMS-based optical insert (also referred to as
cranial window). The optical insert establishes an optical interface with the animals
brain through craniotomy site. (b, e) Headplate with an integrated chamber. The
headplate is bonded to the mouse cranium and provides mechanically stable coupling
between the animal skull and the headplate holder to reduce brain motion relative
to the imaging system. (c) Cross-sectional view of the complete system. The optical
insert is attached to the headplate directly over the craniotomy and makes a gentle
contact with the exposed brain tissue. (f) Model mouse
continuously along all points of contact to create a permanent bond along the entire
perimeter of both sides of the chamber (Figure 3.4 (Step 1)). The cement applied
along this joint effectively seals the bottom of the aseptic chamber and is critical for
its long-term integrity.
The wide area of skull-to-headplate attachment provides a mechanically stable
coupling between the animals skull and the headplate holder, which is fixed to the
microscope table. The headplate is bonded to all skull plates, which stiffens the skull
tremendously. Additional rigidity is provided by a central support structure that con-
tacts the skull along the sagittal suture. All these features combine to provide a very
rigid attachment to the mouse cranium, which drastically reduces its motion relative
to the imaging system (Figure 3.3 (b, e)). Remaining brain motion is then primar-
ily movement relative to the skull, and may originate from physiological forces (i.e.
cardio-respiratory) as much as behavioral forces from animal movement; suppress-
ing this intracranial motion is addressed in the design of the optical insert described
below.
Chamber
The chamber in the headplate center facilitates intermittent physical access to neural
tissue by protecting the craniotomy sites between tissue interventions. Once the
headplate is bonded to the animals skull, the floor of the chamber is formed by the
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central support structure that traverses and fuses the sagittal suture, the skull surface
surrounding each craniotomy, and a flat ledge that extends laterally (Figure 3.4 (Step
2)). The joints between the skull surface edges of the central support, anterior and
posterior walls, and the lateral ledge are sealed during the headplate attachment
procedure. This bottom seal is crucial for maintaining an aseptic environment for the
protection of the exposed brain tissue. When the dura mater is left intact during the
craniotomy, the space within the chamber is continuous with the epidural space.
Optical insert
The insert has optically flat top and bottom rectangular surfaces. The bottom brain-
facing surfaces are positioned to form a flat interface with the intact dura through
each craniotomy. The body of the insert provides a clear optical light-path between
top and bottom surfaces. The walls of the body are tapered to increase the angle of
unimpeded light collection/delivery at the image field. This increases the numerical
aperture for imaging through high power lenses, and also expands options for off-axis
illumination. The tapered body is extended to the brain surface via vertical-walled
columns that traverse each craniotomy. These columns fill the space made by removal
of the bone flap during craniotomy, and their bottom surface gently flattens the brain
tissue, positioning the cortex in a horizontal plane for convenient wide-field imaging.
Both the top and bottom surfaces are made optically clear by integrating microscope
slides in the mold when casting.
Inserts are fabricated in batches using an optically transparent silicone elastomer.
We vacuum cast the part in a PTFE and glass mold with an aluminum window
frame inclusion that gets embedded near the upper surface (Figure 3.3 (d)). This
frame provides a site for attachment and sealing to the rim of the chamber, as well as
structural reinforcement. This helps to establish and maintain a flat optical surface
at the top of the insert, parallel to the headplate. We constructed inserts with the
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bottom surface parallel to the top, which works well for imaging medial cortical
regions. For imaging lateral cortical regions (e.g. visual or auditory cortex) the
mold can be adapted to produce inserts that form a flat image plane with consistent
controllable angle relative to the headplate. For any desired angle, this capability
greatly simplifies recording from a consistent image plane across sessions and animals.
The medial cortical region imaged in the demonstration provided here was square in
shape (2 mm X 2 mm), at a horizontal angle of 0 degrees, and extended from 0.83
mm to 2.83 mm symmetrically off the mid-line.
3.2.2 Installation and Usage
The surgical installation procedures for this two-stage cranial implant device were
adapted from a combination of procedures in common use for attachment of head-
plates and cranial windows in mice, and similar devices used for optical imaging in
primates. The specific protocol evolved during 3 distinct trial runs, and the final
protocol is summarized here and detailed in methods and materials below. The 15
mice reported here received the same version of headplate and optical insert (Figure
3.6 (a)). Minor changes were made to the surgical procedures from one batch to the
next, each with discernable effect; see the discussion for details.
Because this is a two-stage cranial implant device, the procedure for installation
can be separated into multiple distinct surgeries depending on experimental require-
ments (Figure 3.4). The first stage includes headplate attachment to bare skull,
centrally aligned along the AP axis with the bilateral sites over the cortical region
of interest (Figure 3.4 (Step 1)). Once the headplate is securely bonded, bilateral
craniotomy can be made through the skull in the floor of the chamber (Figure 3.4
(Step 2)). If the second stage of installation is performed separately, the chamber
is given a temporary silicone seal to protect the craniotomy. We delayed the second
stage of installation for at least 2 to 3 days to allow for mouse recovery.
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Figure 3·4: Installation procedure of the two-staged implant Stage 1 involves
headplate attachment and bilateral craniotomy. Stage 2 involves installation of the
optical insert which may be preceded by any manipulation that requires direct tissue
access. If the two stages are performed separately, the exposed tissue can be protected
through a temporary silicone seal. Similarly, the optical insert can be detached from
the headplate for future tissue access.
The second stage involves installation of the optical insert, and may be directly
preceded by injection of virus, pharmaceutical compounds, exogenous cells, or any
other substance of interest (Figure 3.4 (Step 3)). The cranial window is installed in
the chamber with the assistance of a custom stereotaxic attachment, which enables
fine height adjustment and holds the windows position while being secured in place.
The angle of the windows top surface is held parallel with that of the headplate. The
chamber is partially filled with sterile agarose to displace all air from the chamber
when the optical insert is lowered into place. The height is adjusted to provide full
contact between the inserts bottom surface and the dura, which also places the inserts
frame in close proximity to the rim of the chamber (Figure 3.3 (b)). Dental cement
is applied to form a joint between the headplate and the window frame of the optical
insert, installing the insert in place and aseptically sealing the chamber.
The optical insert can be removed and replaced at any time to provide inter-
36
mittent physical access to the neural tissue and/or for window replacement (i.e. for
mid-experiment injections or window damage repair, respectively). Removal is rel-
atively easy, accomplished by etching away the joint between headplate and optical
insert. Window replacement uses the same procedure as the second stage installation
described above.
The replacement procedure was attempted 5 times, 4 of which were successful in
preserving or restoring optical quality to like-new condition, without inflicting de-
tectable tissue damage. Three windows were removed and replaced following damage
to the top surface of the optical insert, inflicted by feisty cage-mates with sharp in-
cisors (at 91, 83, and 172 days post-installation; 91 days case unsuccessful). The
remaining two cranial windows were removed at 20 days post-installation to facilitate
direct tissue access for grafting exogenous cells to the imaged region. We found that
the removal needs to be performed slowly, taking great care to avoid capillary rupture
in the exposed brain and surrounding granulation tissue. During each of these proce-
dures, we observed the pattern of granulation tissue growth into the peripheral area
of the chambers. Photos of the typical growth (as observable with window removed)
at day 172 is shown in Figure 3.6 (c), and described in more detail below.
3.2.3 Evaluation and System Performance
Throughout development we installed several prototypes to test the effect of various
features and conditions (Figure 3.6 (a)). The cranial window design and surgical
procedures described in this paper were attempted with 15 mice. Cranial window
condition was evaluated by direct observation (Figure 3.6 (c)) and evaluation of flu-
orescence dynamics in processed video recorded during periodic 5 minutes imaging
sessions (Figure 3.5). Direct (bright-field) observation with a stereoscopic microscope
was useful for evaluating quality of the optical interface with brain tissue, as well as
for tracking progression of granulation tissue growth in the surrounding space at the
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edges of the craniotomy. Analysis of cell dynamics measures from processed fluores-
cence imaging video indicated actual usability of the window for longitudinal studies
requiring activity metrics at a cellular level.
Experimental Batches
The first batch served as a short trial-run for the prototype and procedures whose
performance in early tests suggested strong potential for long-term reliability. We
ran the first batch for 4 – 6 weeks to get a better assessment of what we could ex-
pect for long-term viability. With this design and minor modifications to the surgical
procedure, we felt comfortable using the window in longitudinal studies with signifi-
cant investment of time and resources at stake that would also allow for continuous
assessment of the windows optical performance in parallel. The first batch (N = 7)
of windows was installed and was evaluated 2 – 3 times/week for just over 1 month.
Several more were installed for use in a long-term imaging study beginning with the
second batch (N = 6), then the last batch (N = 5). The results of these runs are
reported below, summarized in Figure 3.6 (a).
Sustained Optical Quality Extended over a Year
In the first batch of 7 mice, optical quality provided by the window was more than
sufficient to record cell dynamics across both image regions beginning 4 days post-
installation and fluorophore-transfection procedure and was sustained for several
weeks. At 4-6 weeks post-installation this batch of mice was evaluated and 6 of
the 7 mice were discontinued and the installation procedure was adjusted for the
next batch. The decision to discontinue in each case was based on observed deterio-
ration in either the health of the mouse (4 out of the 6) or the optical quality of the
window (2 out of the 6). See the discussion section for the mechanisms we suspected
to underlay and procedural adjustments made to address these issues.
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Figure 3·5: Calcium activity of same cells can be tracked over the period
of a year. (Caption next page.)
We continued to observe and image the 7th mouse. Progression of the optical
quality and fluorophore expression characteristics in bilateral image regions is depicted
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Figure 3·5: (Previous page.) Long-term optical quality of the window is preserved
over a long period to capture calcium activity of neurons over the same imaging region.
Selected sessions from a single imaging site show continued tracking of 4 prominent
cells over course of experiment. Left: frame extracted from video with prominent
cells outlined with colored boxes corresponding to zoom to the right. Center: Zoom
around prominent cells indicated by color. Right: Time-series plot of the aggregate
pixel intensity of the prominent cells marked with colored arrows in the zoom images
to the left. 40 seconds from each session are shown. Pixels are aggregated by adding
the intensity from 10 pixels with greatest intensity in each frame drawing from a
32x32 pixel rectangle centered on each cell (not shown), then normalized so each
time-series stretches between 0 and 1.
in Figure 3.5 for this mouse. Optical quality at the brain-to-window interface has
remained consistent for longer than 18 months. The structure of granulation tissue
surrounding the window at 12 months is described in detail below and depicted for
this mouse in Figure 3.6 (c).
Similar to the first batch, the second batch of 6 mice was observed and recorded for
some time (3 – 5 months) before discontinuing all except one most exceptional mouse.
This mouse received a window replacement at day 83, and was imaged periodically
for 11 months before terminating due to a health concern unrelated to the surgical
procedure.
The imaging period for the last batch was extended without pre-termination to
more thoroughly test the longer-term limits of sustained optical quality. Of 5 mice,
1 mouse did not recover as promptly as expected following the craniotomy procedure
and was immediately discontinued. We observed consistent performance on long-term
optical quality, extending over 12 months on average among the 8 windows. Half of
these windows remain to be imaged to this day, and the rest were discontinued either
followed by capillary rupture within image field or the deterioration of the health of
the aged animals.
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Direct observation of the integrated chamber
We periodically examined the imaging chamber condition in all implanted mice using
a stereoscopic microscope. Degradation of the optical interface was found frequently
in prototypes/procedures that preceded the one mentioned here (Figure 3.1 (c)).
This was observed as progressive extension of a cloudy white inhomogeneous layer
across the brain-facing surface of the optical insert. Using the design and procedures
reported in this paper, this type of degradation rarely occurred, limited to the cases
reported above in Batch 1.
Remarkably, but not unexpectedly, tissue growth surrounding the insert was ev-
ident in all cases, regardless of window quality. The tissue appeared highly vascu-
larized, and grew from the craniotomy edge outward along the chamber floor Figure
3.6 (b, c). This growth is a natural response to the tissue damage inflicted by any
craniotomy procedure. The difference observed here is only that the growth does
not extend under the window. Instead, it forms a non-adhesive interface with the
vertical-walled columns and diverges upward into the aseptic chamber, replacing the
agarose fill between the optical insert and the adhesive cement covering the skull and
chamber floor. To further investigate the structure of granulation tissue growth into
the peripheral chamber areas we removed the optical insert for unobstructed observa-
tion in several mice. An especially gnarly example from a 6-month duration window
is pictured in Figure 3.6 (c).
3.2.4 Adaptability
We also report here an adaptation of the more thoroughly-tested headplate and cra-
nial window design described above. The most obvious difference in the newer design
is a substantially larger window, which provides optical access to the entire dorsal
cortex (Figure 3.7). Additional features were added to aid window positioning, im-
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Figure 3·6: Granulation tissue growth within the peripheral chamber ar-
eas.
prove sealing performance, and to simplify fabrication (Figure 3.7 and 8). Adding the
additional design features was made possible by switching the headplate fabrication
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process from CNC machining to 3D printing, as discussed below (Figure 3.9). Fol-
lowing is a summary of the major changes incorporated in the latest configuration,
included here to demonstrate the adaptability of the basic design described above.
Figure 3·7: Adaptability and continuous improvement of cranial implant
system for larger scale imaging
The height and width of the window frame and chamber were increased, and
the window thickness decreased (Figure 3.7). Protrusions were added to the bottom
surface of the headplate which follow the lateral edges of the chamber. These pro-
trusions contact the mouse cranium along the squamosal suture to maintain a rigid
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skull-to-headplate attachment despite a reduction in attachment area and removal of
a larger fraction of parietal and frontal bone (Figure 3.7 (d)). A thin skirt was added
to the bottom surface of the optical insert along its perimeter to help block tissue
growth across the imaging area (Figure 3.7 (c)). This is analogous to the vertical-
walled column of the prior design, which compensated for the skull thickness, but it
accommodates the irregular curves of the endocranium surrounding the larger win-
dow. Window installation and height adjustment are improved by fixing small nuts
into the headplate on either side of the chamber, and using fine-threaded screws to
fasten the optical insert in place (Figure 3.7 (b)). This method of window installa-
tion provides a vast improvement over the dental cement method used with the prior
design and facilitates fine adjustments to the window height. A thin coat of silicone
was added to the chamber’s inner walls prior to installation to help seal the upper
rim of the chamber with the outer edge of the optical insert. The tape that was used
previously to protect the top surface of the implant was replaced with a solid flat
magnetically-coupled cap (Figure 3.7 (a, b)).
3.3 Discussion
The two-stage cranial implant devices described here were developed to enable reliable
long-term optical access and intermittent physical access to mouse neocortex. Our
particular application required bilateral cortical windows compatible with wide-field
imaging through a fluorescence microscope, and physical access to the underlying
tissue for virus-mediated gene delivery and injection of exogenous labeled cells. Op-
tical access was required as soon as possible post-installation, and to be sustained
for several months. The design focused on addressing the issue common to other
window designs meant for rodents: progressive degradation of the optical light-path
at the brain-to-window interface caused by highly scattering tissue growth. The op-
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Figure 3·8: Improved performance and capabilities of the adapted cranial
implant device.
tical insert is molded to fit the chamber and craniotomy, blocking tissue growth and
providing a reliable optical interface for up to one year. Additionally, the core design
can be rapidly adapted to improve performance or for varying applications.
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Figure 3·9: Generation of designs. Additive manufacturing (3D printing – metal,
hybrid), laser cutting and CNC can greatly facilitate the prototyping processes.
3.3.1 Critical elements
In assessing the design presented here, we can point to a few critical elements that
facilitate the maintenance of the long-term optical quality. Refer to the methods
section for the specifics of surgical procedures for headplate attachment and opti-
cal insert installation. These procedures were established after testing the variable
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formulations in protocol.
First, the design of the optical insert must incorporate a mechanical barrier that
fits along the edges of the craniotomy. The barrier must be continuous along the
circumference, and extend as far as the inside surface of the skull to be effective.
Achieving this tight fit without aggressively impinging on the brain requires some
sort of fine height adjustment capability. The optical insert must be installed at the
correct height during the installation procedure, or shortly thereafter. The insert
must be depressed very slightly until full contact is made across the entire window,
but pressing beyond necessary will quickly exert an undesired increase in intracranial
pressure, increasing inflammation and adverse outcomes. The mechanism for fine
adjustment can be designed into the system, as is demonstrated in the second design
presented here, or incorporated into the installation procedure, as is done in the first
design.
Of particular note, we found that administration of antibiotic and anti-
inflammatory drugs in the days surrounding any major surgical procedure had a
substantial impact on the viability of the optical interface. We used both corticos-
teroid and non-steroidal anti-inflammatory drugs, and attempts to exclude either
ended poorly more often than not.
Equally critical to the long-term health of the imaging chamber was the require-
ment to establish and maintain an air-tight seal between the chamber and the outside
world. This includes a permanent bond between the chamber and skull, and a re-
versible bond between the chamber rim and optical insert. How this is accomplished
will be specific to the system design, but it is absolutely essential.
In addition to establishing and maintaining an air-tight seal, it is necessary to
eliminate any and all pockets of air within the chamber. Any air pockets that re-
main after installation will be susceptible to bacteria growth and may disrupt normal
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intracranial and intermembrane pressures. The system presented here used sterile
agarose fill to displace all air within the chamber prior to sealing. Dead space sur-
rounding the optical insert, including that temporarily filled with agarose, will fill
with fluid and eventually be overtaken by granulation tissue. This process is helpful
to the maintenance of a aseptic chamber environment, so care should be taken not to
disrupt it. However, an excess of dead space will delay this process, and thus should
be minimized when adapting the design.
Many attempts to test variations from the described procedures indicated that all
elements mentioned above are equally critical to achieving a reliable imaging window
with sustained optical quality. Implementing the procedures as described or some-
thing similar should mitigate the primary obstacle to long-term imaging in mice and
other rodents. The need to pre-terminate imaging experiments due to optical light-
path disruption by tissue ingrowth should be substantially reduced. This capability
will drastically reduce wasted time and resources for experiments of any duration,
and will facilitate previously infeasible studies requiring long-term observation such
as for research in aging or the progression chronic neurological disorders.
3.3.2 Staging implant installation and tissue access
Configuring the implant as described, so as to enable a staged installation of multiple
parts enables surgical procedures to be spread across multiple days. This capability
offers a number of advantages. It may save time and resources – particularly during
the prototype stages – by allowing time to ensure each implanted mouse fully recov-
ers from the initial procedure. Additionally, the delay between surgeries allows the
heightened inflammation and other immune system response triggered by craniotomy
to normalize before attempting a tissue intervention that is sensitive to these condi-
tions (e.g. viral or cell injections). Through this mechanism the system offers the
capability to image the first tissue intervention from day 0.
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Similarly, designing the system to be installable in multiple stages enables trivial
and repeatable tissue access at later time points by simple reversal of procedure for
optical insert installation. The process may be comparable to a previously reported
method of removing the entire glass window to access the tissue. With this system,
however, the methods used to remove and replace are faster and simpler and carry less
risk of tissue damage compared. Additionally, the described methods of facilitating
tissue access can be advantageous over a fixed access port by providing full access
without compromising the image field.
Design Adaptation
While the specific designs described in this report have much to offer, the greatest
asset of the underlying system is its easy adaptability. The design can be rapidly
transformed to accommodate various applications or to modify its performance in
response to new technologies and demands. This rapid adaptability was a primary
goal of this project, and informed our design and engineering decisions throughout
development. Anyone with access to common laboratory equipment and moderate
engineering and fabrication skills can produce a system to fit their particular needs.
As an inherent aspect of any design process, the adaptation of the original design
evolved over the course of prototyping and testing. In presenting two designs in
this report, our intention was to demonstrate the technical feasibility of continuous
development of a future-proof system. The original system was adapted to accom-
modate the continuous evolution of image sensor technology, particularly the growth
in size and resolution, expanding the field of view and allowing simultaneous access
to cellular interactions across multiple brain regions using wide-field imaging.
The iterative process used here was only made possible by using the now widely
available rapid prototyping procedures, 3D-printing and laser-cutting – major progress
of manufacturing and its increased versatility, providing better quality, customization,
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lower cost and shorter production time. In an effort to compare various manufactur-
ing technologies, we explored manufacturing the finalized product design through a
number of companies and advanced with 3D metal printing with overall satisfaction
at i.materialise – we had also developed the parts through other rapid prototyping





The therapeutic potential of stem cell transplantation to replace lost and damaged
cells in neurological diseases has been proven promising in several clinical stud-
ies (Lindvall et al., 2004),(Goldman, 2005),(Lindvall and Kokaia, 2010),(Goldman,
2016),(Grade and Götz, 2017). Neural replacement involves complex dynamics of
cellular interactions over weeks to establish connection with host neural networks.
Although evidence has revealed some detail regarding the cellular mechanisms un-
derlying cell survival and integration after transplantation, much of our knowledge
on the molecular, morphological and electrophysiological properties of grafted cells
is primarily derived from discrete time points of post-mortem analyses (Baraban
et al., 2009),(Alvarez-Dolado et al., 2006),(Zipancic et al., 2010),(Southwell et al.,
2010),(Gaillard et al., 2007),(Hernit-Grant and Macklis, 1996),(Wuttke et al., 2018).
Ideally, to understand the developmental process of grafted stem cells, such as the
cellular and neural networks influencing the functional integration of stem cells, one
should track the same cells throughout the integration process in the living brain
(Falkner et al., 2016),(Real et al., 2018),(Duffy et al., 2014),(Misgeld and Kerschen-
steiner, 2006).
Direct and continuous observation of grafted cells in living animals is now feasible
through imaging technologies using various labeling strategies and imaging modalities
(Yang and Yuste, 2017),(Grienberger and Konnerth, 2012),(Tian et al., 2009),(Chen
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et al., 2013). Recording neural activity using optical technique has been performed
for many years but has become increasingly popular recently owing to the technical
advancement of larger, faster, and more sensitive imaging sensors combined with new
generations of GECI that can report neural activity with extremely high fidelity (Kim
et al., 2016),(Mohammed et al., 2016). By labeling stem cells with GECI, the imaging
technique will allow a more thorough assessment of the functional connectivity of the
grafted cells in the brain, whereas electrophysiology is restricted to measuring the
connectivity of one or two target regions.
Glass cranial windows have been widely adopted for cortical imaging, however, the
system permits limited access to the tissue for further manipulation after the initial
implantation (Garaschuk et al., 2006),(Roome and Kuhn, 2014),(Zuluaga-Ramirez
et al., 2015),(Goldey et al., 2014). For chronic optical imaging of stem cells, we
require a system that (i) can be stably implanted prior to stem cell transplantation,
at which time imaging must commence immediately to capture the early stages of
integration (ii) allows access to the brain after initial implantation for the stem cell
transplantation and (iii) maintains optical clarity throughout the study period and
allows repeated access to brain surface for tissue regrowth removal.
In order to achieve effective cell treatment therapy, grafted cells must estab-
lish functional connections with host neural circuits and be able to propagate input
through the interconnections of which can be measured by recording their neural ac-
tivity through such technique following the transplantation (Bartolini et al., 2013),(Le
Magueresse and Monyer, 2013),(Southwell et al., 2014),(Gates et al., 2000). Further-
more, long-term observation of network activity and its quantifiable changes could be
used as a measure to reflect the network developmental process of stem cells within
host brain what was previously unavailable from snapshots of population of cells.
In this chapter, we demonstrate the use of wide-field fluorescence imaging to mon-
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itor the process of functional integration of neural progenitor cells grafted into adult
neocortex. The neural activity of GECI-labeled cells was captured in awake behav-
ing mouse with high spatial and temporal resolution and was tracked from the same
region across several months, including a case that extended over a year, using the
imaging system reported in Chapter 3. The serial imaging sessions revealed gradual
transition of neural activity within the large interconnected network with distinctive
firing patterns of synchronized and randomized dynamics over the course of integra-
tion. We also report a novel measure to functional integration of grafted stem cells
that was derived from tracking the change in information carrying capacity within
the network during the integration process. Additionally, we also explore the use of
information theory to produce measurements of neural activity. Several examples of
number of different approaches to measure neural activity of stem cells reported in
this chapter reveal various aspects of the well-coordinated sequence of events com-
prising the regenerative process. The use of such technology can be expanded for a
variety of applications that can greatly accelerate our insights to develop an effective
cell-based therapy.
4.2 Results
Previous studies report that transplanted interneuron progenitor cells retain their
ability to migrate long distances, survive and mature into interneurons, and integrate
into the host neural circuitry. Thus, interneuron progenitor cells, MGE cells, were
selected as the cell source for transplantation for the studies. I initially assessed stem
cell survival under the chamber by injecting GFP labeled stem cells and collecting sec-
tions at 3, 7, 14, and 42 DAT. Immunohistology revealed that grafted cells survived
and migrated away from the injection site, presented neuronal morphology at two
weeks, and differentiated into GABAergic interneurons at six weeks after transplan-
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tation. Assessing the chronic stability of the optical window required recording cel-
lular activity over a long period: cortical and MGE cells were labeled with the GECI
GCaMP6f and imaged during mouse behavior. Fluorescence intensity was recorded
using a wide-field epifluorescence microscope while the head-fixed mouse was moving
on a spherical treadmill. Dynamic cellular activity was observed in both host cortical
neurons and transplanted MGE cells in several sessions recorded up to a year upon
transplantation. Following the acquisition, imaging data are processed using an auto-
mated procedure to segment cells and extract fluorescence intensity signals over time.
Fluctuations in these signals indicate activation dynamics in hundreds of individual
progenitor cell-derived neurons. Further analysis are directed toward quantification
of correlated activity between cells, cell networks, and mouse behavior.
4.2.1 Stem cell transplantation and long-term imaging using the imaging
platform
The reversible assembly of the two parts composing the imaging system enabled
repeated access to the underlying brain by detaching the optical window from the
headplate. The feature provided flexibility on the time of cell transplantation or
virus injection preferably days after craniotomy at which point the inflammatory
response resulting from the procedure subsides and the brain clears from any bleeding
that would otherwise obstruct the optical clarity during early imaging period (Figure
4.1 (a)). Trials of variable intervals between surgery and injection demonstrated
flexible experimental timeline from a day to a week apart, but we advanced with
two days due to a higher chance of bone regrowth with longer expansion between
the two procedures. Accordingly, surgical procedures including headplate installation
and craniotomy were performed two days prior to cell engraftment, -2 day-after-
transplantation (DAT). On the day of transplantation, 0 DAT, two distinct sources
of progenitor cells of which the integration characteristics have been well established
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were harvested from the cortex and the medial and lateral ganglionic eminence of
E13.5 mouse embryos.
Figure 4·1: Experimental procedure for stem cell transplantation and time-
lapse imaging of neural activity.
Each progenitor cell from these regions are major sources of pyramidal cells and
interneurons, respectively, in the cortex. Subsequently, we used AAV under a strong
constitutive promoter, CAG, expressing GCaMP6f to uniformly label these multi-
potent stem cells to monitor their cellular activities throughout the course of matura-
tion and integration. We first removed the seal covering the exposed brain from the
craniotomy performed days in advance, then approximately 200,000 to 250,000 cells
were transplanted in the neocortex of an adult recipient mouse preferably near the
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center of the imaging field and avoiding blood vessels to maximize the observable cells
that migrate out from the injection site. The window was then installed parallel to
the headplate ensuring complete seal between the two pieces to prevent infection and
to maintain the physiological condition of the tissue while providing optical access to
the underlying brain.
Wide-field epifluorescence microscopy was used to acquire the cellular dynamics
across hundreds of cells at cellular- and subcellular-resolution during which the mouse
was head-restrained and freely moving(Figure 4.1 (c)). Despite the low level of protein
expression during earlier period of transduction, we were able to record the calcium
activities of grafted cells within the first week of transplantation, generally 3 DAT.
The imaging sessions were conducted three to four times a week in the course of the
first month during which the progenitor cells migrate and differentiate into neurons
and subsequently subsided into a weekly basis as the cells make physical and elec-
trical connections and integrate into recipients neural circuits. The imaging system
maintained its optical clarity over several months.
Over the course of imaging across months, surface vasculature was utilized as
landmarks to track the locations and the cellular dynamics of identical cells. The
location of hundreds of cells were identified by consolidating both static and dynamic
features of fluorescence intensity for each imaging session using an automatic compu-
tational algorithm. Once the cells were detected, we recorded the time-series of the
pixel fluorescence intensity values enclosed within each cellular boundary which pre-
serves the information at the subcellular level. The migratory activity of grafted cells
was not fully captured in this experiment as the daily imaging duration of 5 minutes
was insufficient relative to the first week during which the majority of migration take
place, and the imaging session started a few days into the engraftment as the fluo-
rescence expression was hardly detectable beforehand. However, the post-migration
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Figure 4·2: Network firing characteristics: cortical progenitor-derived cells
(Left), ganglionic eminence-derived cells (Right). (Caption next page.)
cells were dispersed and sparsely located, and identical cells were easily distinguish-
able among imaging sessions by comparing the cellular map from each session. For
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Figure 4·2: (Previous page.) Each trace indicates the fluorescence intensity of indi-
vidual neuron over time. Here a subset of approximately 300 ROIs’ mean intensities
are extracted and displayed. The collection approximates the distinct activity of each
and every neurons in the microscope’s field-of-view.
instance, identical cells at 1 month can be identified in the cellular map at 11 month
(Figure 3.5).
4.2.2 Activation characteristic of grafted stem cells tracked over months
Function and dysfunction of the network of observed cells can be assessed in innumer-
able ways, along multiple dimensions. We, however, thought it most valuable initially
to have assess graft functionality by attempting multiple analytical approaches, clas-
sic and otherwise, and continuing with whatever approach can produce a statically
observable indicator that is both self-consistent and consistent with the assessment
of a human observer that takes the time to watch the recorded video and learn to
recognize patterns of neural activity.
Grafted stem cells initially show very low levels of activity (Figure 4.3). This
is expected, given that stem cells are mechanically dissociated prior to injection.
Assuming they need to form connections to communicate with each other or with
host cells, i.e. telepathic connections between the cells do not exist, one should only
expect to observe independent spontaneous activity in the initial phase following
injection. This phase should last as long as it takes for neurons to form nascent
connections with surrounding cells, which from in vitro studies we can expect to be
at least on the order of a few days. This is consistent with what is observed using the
system I developed, which allows imaging in the first few days. Activity is scattered,
seemingly random, if observed at all, and highly non-synchronous when compared
with video gathered in later sessions (Figure 4.2).
Towards the end of the first phase, 2 – 5 weeks following injection of the labeled
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Figure 4·3: Analysis of activation probability: cortical progenitor-derived
cells (Left), ganglionic eminence-derived cells (Right). Injected stem cells
of the same type and time period are combined. Each violin shows the distribu-
tion of activation probability across all detectable cells for the indicated day-after-
transplantation. The pseudo-threshold for cells without highly prominent periods
of activity is lowered due to fitting each to a sigmoidal activation function, causing
relatively inactive cells to have an activation probability around 0.4.
stem-cells, the cells rapidly begin to synchronize. Presumably this happens as stem
cells form and activate new connections with surrounding cells in the form of synapses
and/or gap junctions. In vitro studies suggest that gap junctions dominate as the
major form of early connections, especially between the immature injected stem cells.
Gap junctions efficiently couple cells, allowing synchronization to establish quickly.
Synapse formation and pruning may rely on this initial state of highly synchronized
firing. Whatever the reason, cells in a newly forming network transition from inde-
pendent activation at a low rate to highly dependent/synchronous activation, usually
at a higher rate around weeks 3 – 5.
This type of activity is often referred to as “bursting” network activity (Figure
4.5). Various groups define it in various ways, often establishing some sort of thresh-
old based on a relative or absolute number of cells that must be simultaneously firing
for a period of time to be considered a “burst event” (Figure 4.5). Once the concept
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Figure 4·4: Burst frequency and burst duration analysis for populations
of transplanted stem cells grouped by cell type. Burst frequency (top) is
calculated by counting number of bursts in the recording session, where burst is
defined as periods where summed cell activity exceeds the mean activation rate of
the population. The distribution of burst duration is taken across time.
of a burst is established we can begin to describe characteristics of the population as
a whole. That is, we can describe whether the bursts are the dominant form of activa-
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tion for any cell, such as is the case during the second phase of stem cell integration,
and we can also describe or make measures of the rate, duration, and regularity of
the network bursts. The rate of highly synchronous activation varies between cells
harvested from the ganglionic eminence and those harvest from embryonic cortical
tissue (Figure 4.4). Those from ganglionic eminence burst at approximately .5 – .6
Hz during the fastest runs of synchronized bursting activity in comparison to those
from embryonic cortical tissue at 1 Hz. The synchronized activation of GE-derived
neurons lasted for a longer period.
Other measures useful in describing the behavior characteristics of a highly syn-
chronous network would be one which indicates the relative/proportional involvement
of cells in the network activity. A popular approach to synthesizing such a measure is
to calculate the cross-correlation between all cells in the network (producing an N x N
result), and or between each cell in the network and a synthesized signal representing
the activity of the network in aggregate (producing an N x 1 result) (Figure 4.5, 6,
7, and 8). This strategy is useful for transforming something dynamic, i.e. a video,
into something static, an image. However it is incomplete in addressing the goals of
this work in that it does not produce an indicator for each session that can reliably
be tracked and used to indicate progression of functional integration. It still relies on
human eyes to interpret the matrix of correlation coefficients. Such a task can still
be quite tricky, and, despite being substantially faster than comparing videos, is still
overwhelming to even the most eager can neurologically capable graduate student or
hapless undergrad (Figure 4.10).
The extent of coactivation was measured by correlation coefficient using the flu-
orescence intensity values were converted into the values into a time-series of cell
activation states based on the division by the population activity level (i.e. ON or
OFF). As expected from the observation of the change in frequency and percent par-
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Figure 4·5: Time series heatmaps and coactivation indicators of injected
stem cells over several months of recording sessions. (Caption next page.)
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Figure 4·5: (Previous page.) Cortical progenitor-derived cells (Left), gan-
glionic eminence-derived cells (Right). Heatmaps show normalized activation
of manually selected cells from a single recording site across several sessions, ordered
using hierarchical clustering. Distance matrices show an indicator of cell-to-cell coac-
tivation. In this case the coactivation measure is the normalized cross-correlation of
cell activity as measured by averaging pixel intensities in each ROI, ordered using
hierarchical clustering. Red indicates highly synchronized activity. Blue indicates
anti-synchronized activity. White, lying somewhere between red and blue, indicates
unsynchronized activity. The figures qualitatively suggest that synchronous activity
develops rapidly around week 3 after transplantation of stem cells from the embryonic
ganglionic eminence, and week 2 after transplantation of stem cells from embryonic
cortex. Synchronization levels decrease after this rapid onset as smaller groups of
coactive cells form.
ticipation of the coactivation, we observed decrease in correlation in both populations
but higher in interneuron progenitor cells compared to cortical progenitor cells. We
found continuous change beyond the first month as the correlation between cells con-
tinue to decrease as the cells increase their randomized individual firing between these
synchronized firing over the development period based on correlation analysis. This
development stabilized around 8 – 9 weeks and 7 – 8 weeks for cortical and interneuron
progenitor cells, respectively. While the calcium activity of both origins of progenitor
cells continued to become less correlated, the distribution of firing probability of the
populations did not change much.
4.3 Discussion
In this chapter, we report an experimental platform that allows continuous obser-
vation of grafted stem cells which could capture the dynamics of integration process
inside a living mouse brain. We demonstrated one of many ways to utilize the repeated
optical access to the cells by tracing the changes in network-wide calcium dynamics to
infer the stages of integration. Histological and electrophysiological assessments have
been widely used to characterize the survival, migration, differentiation and functional
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Figure 4·6: Distribution of an indicator of synchronized activation between
each cell over time.
connections of these cells on brain sections at discrete time points. Here, we demon-
strate the utility of in vivo optical imaging that complements these techniques that
allows to examine the transplanted stem cells while tracking their fate and function
from single mice. For instance, while not covered in this paper, the platform can be
used to perform high-resolution multi-photon imaging to visualize the morphological
and dendritic development to evaluate the differentiation and connectivity of grafted
stem cells.
The present results demonstrate the capability of the system to capture the dy-
namics of cellular function of grafted cells throughout the regenerative processes that
may provide comprehensive with better temporal information than previously achiev-
able. Intravital imaging have been routinely performed using fluorescence microscopy,
yet its utility have been limited by restricted optical clarity during early and later
period of window installation due to tissue healing and inflammatory responses and
tissue regrowth, respectively, with traditional methods. Alternatively, we developed
a cranial implant system with biocompatible features which remarkably improved the
optical accessibility and enabled the observation from the first week during which the
cells undergo highly complex and dynamic changes of connectivity to over a year of
transplantation. Additionally, we are first to demonstrate the use of wide-field fluo-
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Figure 4·7: More examples of time series heatmaps and coactivation indi-
cators of cortical progenitor-derived cells over several months of recording
sessions. Two additional injection sites.
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Figure 4·8: More examples of time series heatmaps and coactivation indica-
tors of ganglionic eminence-derived cells over several months of recording
sessions. Two additional injection sites.
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Figure 4·9: Time series heatmaps and coactivation indicators for control
group for comparison with exogenous labeled stem cell measurements.
The control in this case is a standard experimental preparation of adult mouse brain
labeled with GCaMP6 by injecting AAV9 directly into neocortical tissue for expression
in neocortical neurons. These cells are imaged in the same way as the stem-cell
preparations shown above: 5 minute sessions, once every few days to few weeks.
Coactivity of cells with other cells in the same region is indicated via distance matrix
produced using normalized cross-correlation.
rescence microscopy to follow the grafted stem cells in living animals which enabled
to image with higher spatial and temporal resolution compared to other modalities
as reported previously.
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Figure 4·10: Quantification of the evolution in dynamic patterns of net-
work activation through a variety of measures: cortical progenitor-derived
cells(Left), ganglionic eminence-derived cells (Right).(Caption next page.)
The results further demonstrated the capabilities of the experimental platform
to optically dissect the sequence of stages within the developmental process, distin-
guishable from the longitudinal dynamics of calcium transients of progenitor cells
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Figure 4·10: (Previous page.) Injected stem cells of the same type and time period
are combined. (a) cross-correlation (b) Information carrying capacity increases over
time in both phenotypes. The compression ratio is estimated using an arbitrary com-
pression method, 7z, which provides a generalized measure of functional information
carrying capacity. Logarithmic trend line is plotted: y = -1.88ln(x) + 19.37 (R 2 =
0.50) (Left); y = -0.72ln(x) + 14.70 (R2 = 0.33) (Right). (c) Network entropy in-
creases over time in both phenotypes. Logarithmic trend line is plotted: y = 0.57ln(x)
+ 8.03 (R2 = 0.46) (Left); y = 0.50(x) + 9.19 (R2 = 0.44) (Right).
transplanted in a healthy environment of host brain. The grafted cells initially exhib-
ited a highly synchronous network-wide calcium transients with a few asynchronous
calcium spiking of individual neurons, then progressively adopted non-periodic and
less-predictable calcium transients of mature neuronal activity. Remarkably, the ac-
tivity profile and its dynamics were consistent to the characteristic feature critical
during early developmental stages of cortical neurons previously reported in vitro
and ex vivo, even though the cells were surrounded by host mature neurons. As
information transmission and capacity are essential to cortical functions, the richer
activity patterns may illustrate the progression of maximizing the information flow




5.1 Summary and Significance
This dissertation outlined the development of a novel assay using optical imaging
to characterize the dynamic cellular processes involved in functional integration of
neural stem cells in the host brain. This approach allowed to visualize and to track
the developmental processes of grafted cells in the native context which were previ-
ously impractical to achieve through in vitro systems and temporally static analyses.
Here, in particular, I demonstrated the utility of the system through capturing the
progressive day-to-day evolution of developmental characteristic of patterns of their
cellular activity after transplantation.
Two design criteria were of importance for the imaging system for this project: (1)
the system must provide access to brain under the window for stem cell transplanta-
tion; (2) the cranial window should allow immediate imaging after the transplantation
as well as chronic imaging to capture the critical period of integration and maturation
of the transplanted cells. To address the relative restrictions to these capabilities us-
ing glass as cranial windows, the two-stage cranial implant device was developed that
allow flexible and repeated access to the brain tissue under the window while main-
taining the improved imaging quality over an extended period. The use of silicone
elastomer for cranial window was particularly favorable for prototyping procedure
that can be molded to take any shape or exhibit desired feature without necessarily
sacrificing the imaging field of the window. Similarly, the original design could be
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adapted with ease to accommodate varying applications, further extending our ability
to visualize and access neural tissue.
The ability to directly and continuously observe the regenerative process of grafted
stem cells in living animals over extended periods could offer a paradigm shift in stem
cell observation which may accelerate our knowledge to develop a clinically competi-
tive cell-based therapy. Particularly, since time-lapse imaging permits to visualize the
complete development of stem cells and requires fewer animals for meaningful statisti-
cal analysis, the platform will be a powerful tool for optimizing the therapeutic efficacy
and consistency without the need for rather laborious histological assessments. Most
excitingly, the application in animal models of neurodegenerative diseases may reveal
the reconstruction process of damaged neural circuits after transplantation, a critical
course for functional restoration which remains unclear. We hope the adoption of
such experimental platform will provide a time- and resource-efficient means for stem
cell studies in animals leading to translational opportunities.
5.2 Future Directions
The system allows numerous ways to assess stem cell integration in its native con-
text, and its utility can easily be expanded beyond calcium dynamic imaging. One
can thoroughly characterize the complex sequence of steps required to to complete
the functional integration process by combining with a new generation of probes
available in a variety of function, spectral properties, or subcellular localization and
by simultaneous labeling with multiple probes. For instance, the spectral emission
profile of the fluorescent proteins used to tag the host population can be distinct
from that of the stem cells to be grafted so that cellular origins are distinguishable
using spectral imaging techniques. Cells in each group can be labeled with a func-
tional fluorophore to provide a continuous indicator of neural dynamics – i.e. from
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the families GCaMP, BCaMP, CyCaMP, YCaMP, or RCaMP. Additionally, each
group is co-labeled with a spectrally distinct static fluorescence indicator - i.e. YFP,
mRUBY, etc. Co-expression of static and dynamic fluorophores can be accomplished
by injecting either a dual-flavor mix of single-fluorophore vectors, or a single vector
encoding both fluorescent molecules to achieve even expression in each individual
cell. Additionally, one can use the system to simultaneously record and optogeneti-
cally manipulate neural activity to elucidate the synaptic connections between local
cells and grafted stem cells.
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Péron, S., Schiffmann, S. N., Giugliano, M., Gaillard, A., and Vanderhaeghen, P.
(2013). Pyramidal Neurons Derived from Human Pluripotent Stem Cells Integrate
Efficiently into Mouse Brain Circuits In Vivo. Neuron, 77(3):440–456.
Falkner, S., Grade, S., Dimou, L., Conzelmann, K. K., Bonhoeffer, T., Götz, M.,
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